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ABSTRACT 
N-methyl-D-aspartate receptors (NMDARs) are unique regulators of 
glutamatergic synaptic transmission in the central nervous system (CNS). These 
ionotropic glutamate receptors play a crucial role in shaping the strength of synaptic 
connections, which underlies mechanisms of learning and memory formation. The 
GluN2B subunit of NMDARs is crucial for the organization of postsynaptic 
macromolecular complexes involved in glutamatergic transmission, and previous results 
from our group have shown that in the absence of GluN2B there is dramatic reduction 
of synaptic NMDARs in hippocampal neurons, despite the presence of other GluN2 
subunits. To determine the composition of the molecular complexes organized by 
GluN2B we proposed to evaluate biochemically the postsynaptic densities (PSDs) 
isolated from cultured cortical neurons of wild-type and GluN2B (-/-) mice, since the 
PSDs are organized postsynaptic structures specialized for postsynaptic signalling and 
plasticity, and is at PSDs that receptors, associated signaling molecules and 
cytoskeleton elements are assembled through scaffold proteins. 
The study of the PSD is a valuable approach to understand which molecular 
determinants govern glutamatergic synaptic transmission. PSDs can be purified 
biochemically from brain tissue through several centrifugation steps, and are therefore 
amenable to characterization. However, since GluN2B (-/-) mice are not viable, in the 
present work we developed and validated a protocol for the purification of PSDs from 
cultured cortical neurons isolated from GluN2B (-/-) embryos and wild-type littermates, 
and maintained in culture for 15 days, to guarantee synapse maturation. This procedure 
allows isolating PSDs from 38M cultured neurons and yields, in average, the amount of 
protein required for biochemical assays (10 to 20µg), namely mass spectrometry 
analysis. The isolated fractions were fully characterized biochemically, and a 
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comparison between the crude homogenate, synaptosomal and PSD fractions suggests 
that our method is reliable and efficient in yielding final pure fractions.  
We found that PSDs isolated from GluN2B (-/-) cultured cortical neurons exhibit 
a reduction of approximately 50% in protein content, when compared to PSDs isolated 
from wild-type cultured cortical neurons, suggesting that GluN2B indeed is an 
indispensable element for the maintenance of postsynaptic macromolecular complexes. 
Quantitative analysis of the protein content of the isolated PSDs, by iTRAQ-labeling in 
conjunction with tandem mass liquid chromatography and mass spectrometry, is 
underway, in collaboration with Dr. Ka Wan Li neuroproteomics group. The 
characterization of the full proteome of GluN2B (-/-) cultured cortical neuron PSDs will 
provide new insights regarding the role of GluN2B at the synapse. 
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RESUMO 
Os receptores N-metil-D-aspartato (NMDARs) são reguladores únicos da 
transmissão sináptica glutamatérgica no sistema nervoso central. Estes receptores 
ionotrópicos do glutamato desempenham um papel importante na modulação da 
eficiência das conexões sinápticas, que está na base dos mecanismos de formação de 
memória e aprendizagem. A subunidade GluN2B dos NMDARs é crucial para a 
organização dos complexos macromoleculares pós-sinápticos envolvidos na transmissão 
glutamatérgica, e resultados anteriores do nosso grupo demonstraram que na ausência 
de GluN2B existe uma redução dramática dos NMDARs sinápticos em neurónios do 
hipocampo, apesar da presença de outras subunidades GluN2. Para determinar a 
composição dos complexos moleculares organizados pela subunidade GluN2B nós 
propusemo-nos a avaliar bioquimicamente as densidades pós-sinápticas (PSDs) isoladas 
a partir de neurónios de córtex em cultura de murganhos wild-type e GluN2B (-/-), uma 
vez que a PSD é uma estrutura pós-sináptica organizada e especializada para sinalização 
e plasticidade, e é o local onde os receptores, associados a moléculas de sinalização e 
elementos do citoesqueleto, estão organizados, através de proteínas âncora.  
O estudo da PSD é visto como uma abordagem valiosa para perceber quais os 
determinantes moleculares que governam a transmissão sináptica glutamatérgica. As 
PSDs podem ser purificadas bioquimicamente a partir de cérebro usando vários passos 
de centrifugação e, são por isso, possíveis de caracterizar. No entanto, uma vez que 
ratinhos GluN2B (-/-) não são viáveis, no presente estudo desenvolvemos e validamos 
um protocolo para a purificação de PSDs a partir de neurónios de córtex em cultura 
isolados de embriões GluN2B (-/-) e wild-type, mantidos em cultura durante 15 dias, de 
modo a garantir a maturação das sinapses. Este procedimento permite isolar PSDs a 
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partir de 38M de neurónios em cultura e permite obter, em média, a quantidade de 
proteína necessária para ensaios bioquímicos (10 a 20µg), nomeadamente para análise 
por espectrometria de massa. As fracções isoladas foram totalmente caracterizadas 
bioquimicamente, e a comparação entre as fracções inicial, sinaptosomal e PSD, sugere 
que o nosso método é fiável e eficiente para se obter fracções finais puras. 
Nós descobrimos que as PSDs isoladas a partir de neurónios de córtex em 
cultura GluN2B (-/-) exibem uma redução de aproximadamente 50% no conteúdo 
proteico, quando comparado com PSDs isoladas a partir de neurónios de córtex em 
cultura wild-type, sugerindo que a subunidade GluN2B é um elemento indispensável 
para a manutenção dos complexos macromoleculares pós-sinápticos. A análise 
quantitativa do conteúdo proteico das PSDs isoladas, por marcação com reagentes 
iTRAQ conjuntamente com cromatografia liquida acoplada e espectrometria de massa, 
está a ser efectuada, em colaboração com o grupo de neuroproteómica do Dr. Ka Wan 
Li. A caracterização das PSDs isoladas a partir de neurónios de córtex em cultura 
GluN2B (-/-) proporcionará novas pistas sobre o papel da subunidade GluN2B na 
sinapse. 
 
 
 
 
 
 
 
Palavras-Chave: Densidade pós-sináptica, Receptor NMDA, GluN2B, Caspr1 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 1 – INTRODUCTION  
2 
  
1.1 The synapse  
The neuron is regarded as the fundamental signaling unit of the nervous system. 
Brain function is critically dependent on how neuron populations are wired up into 
specific neuronal circuits that govern animal behavior. The mammalian brain has an 
extraordinary ability to adapt and develop memories. At the cellular level, these 
complex processes involve communication between neurons in specialized junctions - 
synapses. Synapses include a presynaptic component, mostly on an axon, a postsynaptic 
component, frequently on a dendrite, and an intervening synaptic cleft. 
The presynaptic component has the machinery involved in synaptic vesicles 
exocytosis. These vesicles contain neurotransmitters, neuromodulatory peptides, and a 
set of proteins required for vesicle structure and function. The active zone is referred as 
the site of synaptic vesicle docking and neurotransmitter release. Synapses are classified 
as excitatory or inhibitory depending on the effect of the presynaptically released 
neurotransmitter on the postsynaptic membrane potential. Excitatory neurotransmitters 
promote postsynaptic membrane depolarization towards the threshold required for the 
activation of an action potential, whereas inhibitory neurotransmitters induce 
postsynaptic membrane hyperpolarization away from the threshold required for the 
activation of an action potential. 
Molecular diversity of synapses lies, mostly, within the postsynaptic component. 
In excitatory synapses the postsynaptic specialization is enclosed on micron-sized 
structures that protrude from the dendritic shaft (dendritic spines) [Sheng and 
Hoogenraad, 2007]. Spines hold the machinery necessary, in a highly organized 
biochemical apparatus, to process information from the presynaptic terminal [Kennedy, 
2000]. 
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1.2 The Postsynaptic Density  
Attached to the cytosolic surface of the postsynaptic membrane of most 
excitatory synapses and directly opposed to the active zone is the Postsynaptic Density 
(PSD), an electron-dense structure containing receptors, scaffolding proteins and signal 
transduction molecules. The PSD is typically located on the head of the spine (Fig. 1) 
and is considered the first processing point for synaptic signals impinging on spines 
[Kennedy, 2000].  
 
 
Figure 1 – The structure of an excitatory synapse. Electron micrograph 
illustrating a synapse between an axon (A) and a dendritic spine (S). The arrow 
head shows the postsynaptic density (PSD), an electron-dense structure containing 
receptors, scaffolding proteins and transduction molecules, located in the head of 
the dendritic spine. Scale = 0.25µm. Adapted from http://synapses.clm.utexas.edu 
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The majority of presynaptic terminals that make synapses on dendritic spines 
release the excitatory neurotransmitter glutamate. The postsynaptic membrane of a 
typical mature spine contains at least two distinct types of glutamate receptors, N-
methyl-D-aspartate (NMDAR) and α-amino-3-hydroxy-5-methyl-4-isoazolepropionic 
acid (AMPAR) receptors. The PSD is responsible for the transmission of signals 
impinging on spines. Therefore, a diversified set of proteins are specialized for the 
upstream and downstream signal transduction (Fig. 2). In addition to glutamate 
receptors, other ionotropic and metabotropic receptors, as well as ion channels, mediate 
the upstream signals. Those signals are then forwarded by either phosphorylation, 
mediated by protein kinases (CaMKII, PKC, PKA) and phosphatases (PP1, PP2A), or 
by GTPase signaling molecules (Ras, Rho, Rac) regulated by others (SynGAP, 
RasGAP, RhoGEF). To support and to close together this signaling machinery, the PSD 
requires the presence of many structural proteins like scaffolds (PSD95, SAP102, 
Homer, Shank), cell-adhesion molecules (NCAM-140, Densin-180, α-catenin), and 
cytoskeleton proteins (actin, tubulin, MAP2) [Sheng and Hoogenraad, 2007]. 
Albeit the high number of identified PSD components, only a small number have 
been characterized in biochemical and functional terms. Information on the precise 
spatial arrangement and stoichiometry of PSD proteins is required to address the 
functional roles of these proteins. In the last years, quantitative information on the 
stoichometry of PSD proteins has been arising [Sheng and Hoogenraad, 2007]. For 
example, the average PSD is thought to contain ~300 copies of the scaffold protein 
PSD95, which make PSD95 one of the most abundant proteins in the PSD (about 1% of 
the PSD mass). PSD95 outnumbers the majority of PSD proteins and therefore must 
have an important role, either structural or functional, in the PSD. Scaffolding proteins 
like PSD95 possibly influence the structure of the PSD, but some questions arise from 
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this fact. What determines when, how, and how many PSD proteins are disposed in the 
synapse? Is there a key molecule organizing the PSD macromolecular complexes? 
Nearly all NMDARs cluster at the center of the PSD [Chen et al., 2008]. 
Because a large number of proteins in the PSD bind directly or indirectly to NMDARs, 
the NMDAR complex is regarded as a core subset of the PSD proteome [Husi et al., 
2000]. 
 
 
Figure 2 – Protein diversity in the PSD. Pie chart shows the relative abundance 
of proteins identified in the PSD, categorized according to the cellular function. 
PSD proteins are implicated in many processes like signal transduction (GTPases, 
kinases, phosphatases, receptors, and channels), cellular organization 
(cytoskeleton, molecular motors, and scaffolds), metabolism, and others. Adapted 
from [Sheng and Hoogenraad, 2007].   
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1.3 NMDARs: Structure and Function 
NMDARs are heteromeric assemblies of GluN1 and GluN2 or GluN3 subunits. 
Each individual subunit is schematically composed by a large extracellular amino (N)-
terminal domain, a membrane region comprising three membrane-spanning domains 
(TM1, TM3 and TM4), a cytoplasm-facing re-entrant membrane loop that forms the 
pore-lining region (TM2) and an intracellular carboxyl (C)-terminal domain [Dingledine 
et al., 1999] (Fig. 3). 
NMDARs form a cation-selective channel with high Ca
2+ 
permeability 
[MacDermott et al., 1986]. These receptors are unique among other ligand-gated ion 
channels since their activation not only requires the simultaneous binding of two 
agonists, glutamate and glycine [Johnson and Ascher, 1987], but also demands 
membrane depolarization to remove the voltage-dependent Mg
2+
 block [Mayer et al., 
1984] within the pore of the channel. NMDARs are therefore known as “molecular 
coincidence detectors”, since their activation is only possible when both membrane 
depolarization and synaptic release of glutamate occur simultaneously. NMDARs 
function is regulated by the TM2 domain (by an asparagine residue in this domain) 
which determines Ca
2+ 
permeability and Mg
2+
 blockade [Mori et al., 1992]. Activity of 
NMDARs is also modulated by extrinsic factors. Polyamines enhance NMDARs 
currents by increasing both receptor affinity for glycine and channel opening frequency 
[Rock and Macdonald, 1995]. Conversely, Zn
2+ 
and protons inhibit NMDARs activity. 
Zn
2+ 
attenuates the receptors response to agonists through voltage-dependent and           
-independent mechanisms [Peters et al., 1987]. The C-terminal region of NMDARs is 
located in the cytoplasm and most NMDAR interactors bind to this region, modulating 
NMDAR function, trafficking and subcellular localization. 
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Figure 3 – General structure and membrane topology of NMDARs. Most 
synaptic NMDARs are assemblies of two GluN1 (purple and light purple) and two 
GluN2 (blue and light blue) subunits. Each individual subunit is composed by a 
large extracellular amino-terminal domain (green), a membrane region comprising 
three membrane-spanning domains (TM1, TM3 and TM4), a cytoplasm-facing re-
entrant membrane loop (TM2) and an intracellular carboxyl-terminal domain. 
NMDAR activation requires the binding of two agonists, glycine to the GluN1 
subunit and glutamate to the GluN2 subunits, and voltage-dependent removal of 
the Mg
2+ 
blockade within the pore of the channel.  
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1.4 Synaptic Plasticity 
Synapses not only convey information between neurons, but the efficiency of 
neuronal transmission can be altered by changing the composition of synapses. This 
property, known as synaptic plasticity, underlies mechanisms of learning and memory 
[Bliss and Collingridge, 1993]. Several studies have strengthen the theory that synaptic 
plasticity is involved in learning and memory, by showing that i) the disruption of 
mechanisms underlying synaptic plasticity affect learning and memory, ii) synaptic 
plasticity is observed during learning in memory in relevant brain structures, and iii) 
induction or enhancement of mechanisms of plasticity promote or facilitate learning and 
memory [Elgersma and Silva, 1999] . 
NMDARs are the most important known triggers of long-term potentiation 
(LTP) and long-term depression (LTD), the best-characterized forms of synaptic 
plasticity. LTP is referred as a long-lasting increase in the magnitude of synaptic 
response of a neuron following a short high-frequency synaptic stimulation, whereas 
LTD is characterized by a decrease in the synaptic strength, following prolonged low-
frequency synaptic stimulation. LTP and LTD have been studied in great detail in the 
hippocampus, although they are also present at many synapses throughout the central 
nervous system (CNS) [Malenka and Bear, 2004].  
 
1.4.1 Postsynaptic signaling in LTP and LTD 
Activation of NMDARs during postsynaptic depolarization leads to a rise of 
Ca
2+
 within the dendritic spine [Malenka and Bear, 2004]. The magnitude of Ca
2+ 
influx 
determines whether NMDAR activation results in LTP or LTD. In dendritic spines, Ca
2+ 
signaling is mostly mediated through calmodulin (CaM). CaM is a Ca
2+
-binding
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regulatory protein that modulates the activity of many molecules that are crucial for 
synaptic plasticity [Xia and Storm, 2005].  
One characteristic feature of LTP is its dependence on high rises of postsynaptic 
Ca
2+
. Thereupon, Ca
2+
-bound CaM binds and activates the Ca
2+
/CaM-dependent protein 
kinase II (CaMKII) [Xia and Storm, 2005]. CaMKII activation promotes its 
autophosphorylation, which makes it independent of Ca
2+
, becoming constitutively 
active [De Koninck and Schulman, 1998]. CaMKII has several synaptic substrates, 
making the identification of downstream targets that are involved in synaptic plasticity 
difficult. One key mechanism by which CaMKII activation enhances synaptic plasticity 
is through the modulation of AMPAR activity and distribution. CaMKII phosphorylates 
AMPAR already present in the synaptic plasma membrane, increasing their 
responsiveness [Barria et al., 1997]. CaMKII increased activity also promotes the 
delivery of more AMPARs to the synapse [Hayashi et al., 2000]. In addition to 
CaMKII, it has been shown [Boehm et al., 2006] that protein kinase C (PKC) also 
mediates AMPARs synaptic incorporation. Although the mechanisms described above 
constitute the early phase of LTP, the late-phase LTP (L-LTP) depends on de novo 
protein synthesis. L-LTP is thought to serve as a cellular substrate for long-term 
memory and is induced by spaced patterns of repetitive neuronal activity [Bliss and 
Collingridge, 1993; Malenka and Nicoll, 1999]. Behavioral studies showed that 
NMDARs also have a role in long-term associative memory [Shimizu et al., 2000]. 
When sensing small rises in postsynaptic Ca
2+ 
synapses undergo LTD. In 
NMDAR-dependent LTD, Ca
2+ 
binds to CaM to activate the protein phosphatase 2B 
(PP2B; also known as calcineurin). PP2B mediates the activation of protein phosphatase 
1 (PP1), which is responsible for the dephosphorylation, and thus retrieval from the 
synapse, of AMPARs [Collingridge et al., 2010].  
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1.5 Synaptic NMDARs 
Most synaptic NMDAR are assemblies of two glycine-binding GluN1 and two 
glutamate-binding GluN2 subunits [Cull-Candy and Leszkiewicz, 2004] (Fig. 3). 
GluN1, as the compulsory NMDAR subunit, is essential for the receptor activity, but 
the four GluN2 subunits are major determinants of NMDARs molecular and functional 
diversity and synaptic localization [Sprengel et al., 1998; Fukaya et al., 2003; Abe et al., 
2004]. GluN2 subunit composition of NMDARs depends on their availability, which 
differs as a function of brain region and developmental age [Monyer et al., 1992; 
Kutsuwada et al., 1992; Monyer et al., 1994]. In the adult brain, GluN2A and GluN2B 
subunits are both abundantly expressed in the forebrain regions, GluN2C subunit is 
found predominantly in the cerebellum and GluN2D subunit is only expressed in 
residual levels. GluN2C-containing receptors have very low channel opening [Farrant et 
al., 1994] and therefore both GluNA and GluN2B-containing receptors are regarded as 
the majority of functional receptors. 
 
1.6 GluN2A vs. GluN2B 
The expression of GluN2B is high at birth and remains sustained through 
development, whereas expression of GluN2A occurs only later in development and 
increases into adulthood [Sheng et al., 1994; Monyer et al., 1994]. The roles of GluN2A 
and GluN2B subunits have been addressed using gene-engineered mice [Sakimura et 
al., 1995; Kutsuwada et al., 1996; Tang et al., 1999]. In accordance with the different 
temporal profiles of expression of the two subunits, GluN2A knock-out (KO) mice 
develop and mate normally [Sakimura et al., 1995], while GluN2B-KO mice die shortly 
after birth [Kutsuwada et al., 1996]. Earlier studies provided interesting insights into 
GluN2B importance to NMDARs function. For instance, it has been shown that 
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GluN2B-null mice show impaired LTD [Kutsuwada et al., 1996], and that GluN2B 
overexpression results in enhanced NMDARs activation and ability in learning and 
memory [Tang et al., 1999].  
GluN2A and GluN2B-containing receptors exhibit distinct pharmacological 
properties. GluN2B-containing NMDARs have lower open probability but slower 
deactivation times than those containing GluN2A [Cull-Candy and Leszkiewicz, 2004]. 
GluN2A and GluN2B also interact with distinct proteins, which could justify some of 
the differences between the two subunits. Although GluN2A and GluN2B contribute to 
distinct properties in pharmacological profiles and synaptic plasticity of NMDARs, their 
role in synaptic expression and function of NMDARs is still unclear. This is probably 
due to the lack of viable GluN2B-KO animal models. Our laboratory takes advantage of 
a GluN2B-KO mouse model to investigate the importance of this subunit. Imaging data 
obtained in the laboratory showed that total and synaptic levels of the obligatory GluN1 
subunit are markedly decreased in GluN2B (-/-) cultured hippocampal neurons obtained 
from GluN2B (-/-) embryos and cultured in vitro for 14 days (14 DIV), compared with 
wild-type neurons (Fig. 4). In contrast to GluN2B (-/-) neurons, the total and synaptic 
levels of GluN1 were identical in cultured hippocampal neurons from GluN2A (-/-) 
mice, compared with neurons cultured from wild-type littermate mice (Fig. 5). Since 
GluN1 is the obligatory subunit of NMDARs, these data indicate that absence of 
GluN2B but not GluN2A affects the number or clustering of NMDARs. Biochemical 
data also showed a reduction in total and cell surface levels of GluN1, in the GluN2B-
KO neurons. Total and cell surface fractions were prepared from GluN2B (-/-) and wild-
type cultured cortical neurons and immunoblotted for the GluN1 subunit. Both fractions 
from GluN2B (-/-) cultured cortical neurons showed reduced levels of GluN1, when 
compared with wild-type cultured cortical neurons (Fig. 6). Collectively, these 
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evidences suggest that GluN2B contributes to a specific function not provided by 
GluN2A, either in the targeting, or scaffolding at the synapse, of NMDARs.  
Other studies have been published regarding the importance of the GluN2B 
subunit in NMDAR function and organization of postsynaptic macromolecular 
complexes. Akashi and colleagues [Akashi et al., 2009] proposed to study the role of the 
GluN2B subunit using a conditional knock-out mouse model, in which GluN2B was 
ablated exclusively in hippocampal CA3 pyramidal cells. They confirmed the loss of 
GluN2B by immunohistochemistry and noticed that GluN1 was reduced (similar to our 
findings described above), but not GluN2A or PSD95. Despite the presence of GluN2A 
and the remaining GluN1 subunits, GluN2B ablation resulted in the loss of NMDAR-
mediated synaptic currents at CA3 synapses. They further investigated synaptic 
NMDARs, as well as other PSD proteins. Biochemical analysis of PSD fractions from 
the CA3 region showed that GluN2A and PSD95 were markedly reduced, indicating the 
increased detergent solubility of PSD molecules. These findings suggested that PSD 
molecules are less tightly bound in the absence of GluN2B, and therefore that the 
GluN2B subunit is likely to have a role in the organization of postsynaptic 
macromolecular complexes. Moreover, Brigman and colleagues performed a study 
[Brigman et al., 2010] regarding the importance of the GluN2B subunit, using mice 
lacking the GluN2B subunit in pyramidal neurons of cortex and CA1 subregion of 
hippocampus. They addressed the functional state of mutant synapses evoking forms of 
synaptic plasticity like LTP and LTD, which showed to be impaired. In accordance with 
the effect on the synaptic plasticity, mutant mice also showed learning deficits. The 
consequences of GluN2B deletion on learning and memory were further explored by 
von Engelhardt and colleagues [von Engelhardt et al., 2008], who analysed mice lacking 
the GluN2B subunit in principal neurons of the entire postnatal forebrain or only in the   
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Figure 4 – Total and synaptic levels of GluN1 are reduced in GluN2B-null 
hippocampal neurons. GluN2B (+/+) and GluN2B (-/-) low density cultured 
hippocampal neurons with 14 DIV were fixed and permeabilized for 
immunocytochemistry. (A) Neurons were labeled for GluN1 (green), VGLUT 
(blue) and SynGAP (red). (B) The total intensity of GluN1 clusters was measured. 
(C) The synaptic GluN1 clusters were chosen based on their opposition to clusters 
of the presynaptic protein VGLUT, and measured. Three independent culture 
preparations were quantified (n=8 per preparation). Graphs show mean ± SEM of 
fluorescence intensity. ”***” denotes statistical significance (p <0.001, using two-
tailed Student’s t tests, compared with GluN2B (+/+) neurons).  
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Figure 5 – GluN1 levels are not altered in GluN2A-null hippocampal neurons. 
GluN2A (+/+) and GluN2A (-/-) low density cultured hippocampal neurons with 
14 DIV were fixed and permeabilized for immunocytochemistry. (A) Neurons 
were labeled for GluN1 (green), VGLUT (blue) and SynGAP (red) (B) The total 
intensity of GluN1 clusters was measured in control and GluN2A (-/-) neurons, 
corresponding to the total clusters of NMDA (C) Synaptic GluN1 clusters, chosen 
based on their opposition to clusters of the presynaptic protein VGLUT, were 
measured. Images of 8 hippocampal neurons from 1 independent culture 
preparation were quantified. The graphs show mean ± SEM of fluorescence 
intensity.  
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Figure 6 – Effects of GluN2B deletion on GluN1 total and plasma membrane 
levels. Total and cell surface fractions were prepared from GluN2B (-/-) and 
wild-type cultured cortical neurons (15DIV), after biotinylation. (A) Fractions 
were immunoblotted with anti-GluN1 and anti-Transferrin Receptor antibodies. 
The biotinylated fraction corresponds to cell surface proteins, affinity purified 
with streptavidin beads. (B) Graph shows mean ± SEM of GluN1 
immunoreactiviy. GluN1 protein levels were normalized for the loading control 
(transferrin receptor), and are relative to GluN2B (+/+) cultured cortical neurons. 
”**” denotes statistical significant (p <0.01, using two-tailed Student’s paired t 
tests, compared with GluN2B (+/+) neurons).  
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hippocampus on a battery of tests assessing learning and memory abilities. Deletion of 
the GluN2B subunit affected the mice performance on most tests. Both studies revealed 
the importance of GluN2B-mediated forms of plasticity to memory and learning. 
 
1.7 GluN2B C-terminal: key to scaffolding 
It is striking from our data and that of other groups that the GluN2B subunit is 
particularly important for NMDARs function, but is this importance only attributable to 
the subunit itself or do GluN2B interactors play a key role? A recent study dissected 
differential contributions for synaptic plasticity of the functional activity of GluN2B-
containing NMDARs vs. their contribution as organizers of a macromolecular complex 
at the PSD. Foster and colleagues [Foster et al., 2010] investigated the roles of GluN2A 
and GluN2B in LTP, using pharmacological and molecular-genetic approaches. 
Pharmacological antagonists informed about which receptor subtypes needed to be 
activated for LTP induction, whereas altering the expression of GluN2A or GluN2B 
subunits informed about which subunit needed to be physically present. They 
discovered an interesting paradox. While GluN2B protein expression was required for 
LTP, the use of Ro25-6981 (a GluN2B-selective antagonist) demonstrated that 
activation of GluN2B–NMDARs is not necessary for inducing LTP. This can be 
explained by the fact that GluN2B has a cytoplasmic tail that binds directly or indirectly 
to a variety of postsynaptic molecules important for LTP. This idea was reinforced 
seeing that GluN2B with a truncated C-terminal tail did not induce LTP. This study 
supports the idea that the C-terminal cytoplasmic region of the GluN2B subunit is an 
important organizer of a synaptic scaffold required for synaptic plasticity mechanisms. 
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1.8 GluN2B synaptic interactors 
1.8.1 CaMKII 
CaMKII has 28 similar isoforms that are originated from four genes (α, β, γ and 
δ) [Lisman et al., 2002]. CaMKIIα and CaMKIIβ are the most abundant proteins in the 
PSD, representing ~7.4 and ~1.3% of the PSD mass, respectively [Cheng et al., 2006]. 
In addition to its functional role (see Postsynaptic signaling in LTP and LTD) it is 
thought that CaMKII also plays a structural role, as CaMKII binds to several dendritic 
proteins, some of which, like F-actin, are important for spine structure [Colbran and 
Brown, 2004]. CaMKII binds directly to the C-terminal of the GluN2B subunit 
[Leonard et al., 1999] and this interaction is enhanced by activation of CaMKII [Strack 
and Colbran, 1998; Leonard et al., 1999]. The stimulus-dependent binding of CaMKII 
with GluN2B allows the enzyme not only to be optimally positioned to decode local 
Ca
2+
 influx and mediate its signaling but also potentiates its function by suppressing the 
inhibitory autophosphorylation of CaMKII and generating an autonomous and 
Ca
2+
/CaM-independent form of CaMKII that cannot be reversed by phosphatases 
[Bayer et al., 2001]. Mutations on the sequence of GluN2B C-terminal tail that interact 
with the catalytic site of CaMKII prevented LTP, enlightening the importance of the 
interaction of GluN2B and CaMKII for synaptic plasticity events [Barria and Malinow, 
2005]. 
 
1.8.2 MAGUKs 
GluN2B interacts with the membrane-associated guanylate kinase (MAGUK) 
superfamily of proteins (Fig.7), specifically with PSD95 [Al-Hallaq et al., 2007], 
SAP102 [Muller et al., 1996; Sans et al., 2000; Al-Hallaq et al., 2007; Chen et al., 2011] 
and PSD-93 [Al-Hallaq et al., 2007]. Although early studies showed a preferential 
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interaction of PSD95 with GluN2A and of SAP-102 with GluN2B subunits [Sans et al., 
2000], Al-Hallaq and colleagues [Al-Hallaq et al., 2007] demonstrated that these 
MAGUKS interact with both GluN2 subunits. These proteins are characterized by three 
PSD95/Discs-large/ZO-1 homology (PDZ) domains, an Src homology 3 (SH3) domain, 
and a guanylate kinase-like (GK) domain, and have a central role in organizing 
glutamate receptors and their associated signaling proteins at the synapse [Kim and 
Sheng, 2004]. PSD95 is the best studied scaffold protein of the PSD and corresponds to 
~1% of its mass [Cheng et al., 2006]. PSD95 binds through its PDZ domains to the very 
C-terminal amino-acids, the T/SXV motif (where S is serine, X is any amino acid, and 
V is valine), of the GluN2B subunit [Kornau et al., 1995]. Another member of the 
PSD95 family that binds through its PDZ domains to T/SXV motif of GluN2B is 
SAP102 [Muller et al., 1996]. Recently it was shown [Chen et al., 2011] that some 
alternative splicing forms of SAP102, which promote lengthening of dendritic spines 
and formation of synapses at long spines, bind specifically to GluN2B, in other regions 
than the T/SXV motif.  
As abundant residents in the synapse, the postsynaptic role of MAGUKs has 
been widely studied. MAGUKs are thought to provide important molecular links 
between motor proteins and the vesicular cargos they carry to and from synapses 
[Gardoni et al., 2009]. For example, interaction between SAP102 and Sec8, a member 
of the exocyst complex, is crucial for the delivery of GluN2B-containing NMDA 
receptors to synapses [Sans et al., 2003]. Beside its trafficking role, the molecular 
configuration of MAGUKS, particularly PSD95, is extremely important in the 
organization of the postsynaptic molecular scaffold. Like pillars linking both roof and 
floor, thus sustaining the overall structure, PSD95 molecules are positioned into regular 
arrays of vertical filaments that contact both glutamate receptors and the elements 
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layered deep inside the PSD, providing a structural basis for the three-dimensional 
molecular organization of the PSD [Chen et al., 2011].  
 
1.8.3 SynGAP & RasGRF1 
The extracellular signal-regulated kinase (ERK) signaling is essential for several 
neuronal transcriptional events and many forms of synaptic plasticity [Thomas and 
Huganir, 2004]. To activate ERK an increase in the active GTP-bound form of the small 
G-Protein Ras is necessary. The activity of Ras can be regulated by two distinct groups 
of proteins, i) the guanyl nucleotide exchange factors (GEFs), which catalyze the 
exchange of GDP for GTP on Ras, increasing the activity of Ras, and ii) the GTPase-
activating proteins (GAPs), which promote the slow intrinsic hydrolysis of GTP to GDP 
catalysed by Ras itself, thereby decreasing the activity of Ras.  
GluN2B is coupled to the ERK pathway by direct and indirect interactions with 
both GAP and GEF proteins [Krapivinsky et al., 2003; Kim et al., 2005; Rumbaugh et 
al., 2006] (Fig. 7). The synaptic Ras-GAP (SynGAP) interacts with the PDZ domains of 
PSD95 family proteins via its C-terminal T/SXV domain and is mainly associated with 
GluN2B-NMDARs complex that lack the GluN2A subunit [Kim et al., 2005]. SynGAP 
normally retards synapse formation and decreases the size of spine heads, reflecting its 
regulatory function [Vazquez et al., 2004]. Some evidences showed that this regulatory 
role may be achieved by modulation of Rac and coffilin activity, which are proteins 
involved in spine cytoskeleton dynamics [Carlisle et al., 2008]. The association of 
SynGAP with GluN2B-NMDARs allows the GAP protein to be in the proximity of 
CaMKII, which inhibits its activity by phosphorylation [Chen et al., 1998]. Krapivisnky 
and colleagues [Krapivinsky et al., 2003] also showed that a GEF protein, the Ras-
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guanine nucleotide releasing factor 1 (RasGRF1), interacts directly with the GluN2B 
subunit contributing to the activation of ERK pathway through NMDA receptors. 
 
 
 
 
Figure 7 – Scheme of a hypothetical molecular organization of GluN2B synaptic 
interacting proteins.  The GluN2B carboxyl-terminal domain has numerous primary and 
secondary associated proteins. The figure comprises the proteins referred in the text, Ca
2+
/CaM-
dependent protein kinase II (CaMKII), membrane-associated guanylate kinase (MAGUK), 
synaptic Ras-GAP (SynGAP), Ras-guanine nucleotide releasing factor 1 (RasGRF1), 
membrane-associated guanylate kinase (MAGUK), collapsin response mediator protein 2 
(CRMP2), α-actinin, TANC, clathrin adaptor protein (AP-2), Fyn and RACK1. 
 
1.8.4 CRMP2 
Collapsin response mediator protein 2 (CRMP2), a microtubule-associated 
protein, is also preferentially associated with GluN2B-NMDARs [Al-Hallaq et al., 
2007] (Fig.7). There are some evidences [Su et al., 2007] suggesting that the loss of 
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other members of the CRMP family of protein affect LTP maintenance and spatial 
learning and memory. Additional studies are need to understand the role of CRMP2 in 
NMDARs function and why it seems to preferentially interact with GluN2B. 
 
1.8.5 α-actinin  
α-actinin is a protein involved in cross-linking and bundling of actin filaments, 
thereby contributing to the regulation of length and density of dendritic spines 
[Cingolani and Goda, 2008]. α-actinin bind the GluN2B intracellular tail through its 
central rod domain [Wyszynski et al., 1997] and it is usually detected in a complex 
composed by GluN2B, CaMKII and Densin-180 [Walikonis et al., 2001; Robison et al., 
2005] (Fig. 7).  
 
1.8.6 TANC 
TANC, a scaffolding protein also is associated with GluN2B (Fig. 7) but not 
with GluN2A or GluN1 [Suzuki et al., 2005]. Overexpression of TANC1 and TANC2 
increased the density of dendritic spines, whereas mice deficient in TANC1 expression 
exhibited reduced spine density suggesting that the TANC family of protein play a role 
in dendritic spine maintenance [Han et al., 2010].  
 
1.8.7 AP2, Fyn and RACK1  
Synaptic NMDARs can be regulated by clathrin-mediated internalization. The 
clathrin adaptor protein (AP-2) binds to the YEKL motif of the GluN2B subunit (Fig. 7) 
and promotes the internalization of NMDARs [Prybylowski et al., 2005]. This process 
has been shown to be prevented by phosphorylation of the GluN2B by the tyrosine 
kinase Fyn [Prybylowski et al., 2005], also associated with GluN2B [Yaka et al., 2002]. 
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Another protein that binds to GluN2B [Yaka et al., 2002], RACK1, is necessary to this 
process, since it bridges the interaction between Fyn and GluN2B. 
 
 
Only recent studies have been scrutinizing the role of the GluN2B subunit of 
NMDARs. Those have provided valuable evidences and it is tempting to speculate, 
considering its properties, that this subunit is involved, directly or indirectly, in multiple 
cellular processes. It is key to continue to join the pieces of the puzzle to understand 
what is the full role of the GluN2B subunit. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 2 – OBJECTIVES  
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OBJECTIVES 
The decreased levels of synaptic NMDARs in the absence of GluN2B (see 
GluN2A vs. GluN2B in introduction) suggest that the GluN2B subunit may have a role 
in the organization of a synaptic scaffold required for synaptic delivery and/or 
stabilization of NMDA receptors. In order to determine the composition of this scaffold 
complex, we decided to evaluate the proteome of biochemically isolated PSD fractions 
from cultured cortical neurons of wild-type mice and GluN2B (-/-) mice.  
The main objective of this work was to establish a procedure for isolating PSDs 
from cultured neurons generated from GluN2B (-/-) mice and wild-type littermates. To 
do so, several modifications to the standard procedures for isolating PSDs were 
implemented, in order to scale down the protocol. The second part of the work is being 
carried out in collaboration with a group experienced in neuroproteomics headed by Dr. 
Ka Wan Li. [von Engelhardt et al., 2010; Klychnikov et al., 2010; Klemmer et al., 
2011]. PSDs isolated from GluN2B (-/-) and wild-type neurons are being analysed by 
tandem liquid chromatography and mass spectrometry using the iTRAQ technology, 
which allows the identification and relative quantification of peptides originating from 
the GluN2B (-/-) and wild-type purified PSDs.  
These approaches will allow us to understand which postsynaptic proteins are 
missing or have their levels altered in the GluN2B (-/-) PSDs, and that likely play a role 
in the synaptic scaffold required to anchor NMDA receptors.  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 3 – METHODS  
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3.1 Animals 
Embryos with 18 days (E18) obtained from mating heterozygous [GluN2B (+/-)] 
mice were used for primary cortical cultures. The heterozygous mouse colony was 
originated from GluN2B
 
(+/-) mutant mice
 
which had the GluN2B locus disrupted by 
the insertion of the Neomycin phosphotransferase gene in the translation initiation site 
[Kutsuwada et al., 1996]. Rat primary cortical cultures were prepared from E18 Wistar 
rat embryos. 
 
3.2 Genotyping 
3.2.1 Embryos 
Genotyping was performed as described previously [Tovar et al., 2000] using 
tails and brainstems collected from each embryo. Tissue digestion was performed in 
digestion buffer (100mM NaCl, 10mM Tris-HCl, 0.1M ethylenodiaminetetraacetic acid 
(EDTA), 0.5% sodium dodecyl sulfate (SDS), 0.5mg/ml Proteinase K (Invitrogen)) at 
55°C for ~2h with constant tube rotation. The resulting digest was centrifuged at 
16200×g to remove any undigested pieces. The clear supernatant was transferred to a 
new sterile tube and 0.1 volumes of 3M potassium acetate was added to the tube. This 
mix was thoroughly extracted using an equal total volume of 
phenol/chloroform/isoamyl alcohol (SIGMA) and spun down at 16200×g for 10min. 
The aqueous layer was transferred to a new tube and 0.5 volume of isopropanol was 
added and mixed. The samples were spun again and the DNA pellet was washed in 70% 
ethanol and allowed to dry. Genomic DNA was resuspended in autoclaved distilled 
water and yield and purity of DNA extraction was assessed by reading absorbance at 
260nm and 280 nm in a spectrophotometer (Thermo Nanodrop 2000). All DNA samples 
were subjected to two separate polymerase chain reaction (PCR). The first reaction 
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(Reaction I) aimed to amplify two possible products, the disrupted gene (793bp) and the 
wild-type GluN2B gene (422bp). Amplification yield of the Neomycin gene in this 
reaction is not ideal, thus another reaction (Reaction II) was performed including only 
the oligonucleotide primers (GluN2B3 and GluN2B4) necessary to amplify the 793bp 
product. Primer sequences were: GluN2B1; 5’-ATG AAG CCC AGC GCA GAG TG-
3’; GluN2B3; 5’-GGC TAC CTG CCC ATT CGA CCA CCA AGC GAA AC-3’; 
GluN2B4; 5’-AGG ACT CAT CCT TAT CTG CCA TTA TCA TAG-3’. The cycling 
conditions (VWR UnoCycler) were 35 cycles of 94°C (melting) for 30s, 67°C 
(annealing) for 40s, and 72°C (extension) for 50s. Reaction solution contained  2mM 
MgCl2 (Invitrogen), 0.2mM of each dNTP (Promega), 0.162µM GluN2B1(where 
indicated), 0.412µM  GluN2B3, 0.43µM GluN2B4, 1X PCR buffer (Invitrogen), 
1.25units of Taq polymerase (Invitrogen), and 50-100ng of solubilized genomic DNA in 
autoclaved water (25µl final volume). Reaction products were run on 1% agarose gel 
and visualized using ethidium bromide.  
 
3.2.2 Colony 
DNA extraction was performed using the hotSHOT method [Truett et al., 2000]. 
Alkaline lysis solution (25mM NaOH, 0.2mM EDTA, pH 12) was added to mice ear 
and heated to 95ºC for 30min. Samples were cooled to 4ºC and neutralizing solution 
(40mM Tris-HCl, pH 5) was added to each sample. DNA concentration and purity was 
assessed by spectrophotometry (Thermo Nanodrop 2000). As stated above, mice 
lacking both GluN2B alleles die perinatally, thus adult mice have just two possible 
genotypes, wild-type or heterozygous. Samples were subjected to only one PCR 
reaction aiming to amplify the Neomycin gene (see Embryos Genotyping). Samples 
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from heterozygous mice yielded a 793bp band whereas wild-type mice did not yield any 
product. 
 
3.3 Mouse primary cortical neuron culture  
The anaesthetized mice (with 2-Bromo-2-chloro-1-1-1-trifluorethane, SIGMA) 
were euthanized using the cervical dislocation method. After cutting through the 
abdominal wall, embryos were removed from the uterus and placed in a sterile dish. 
Next, embryos were decapitated, brains removed and placed in a dish containing Ca
2+
 
and Mg
2+
-free Hank’s Balanced Salt Solution (HBSS: 137mM NaCl, 10mM HEPES, 
5.36mM KCl, 5mM glucose, 4.16mM NaHCO3, 1mM sodium pyruvate, 0.44mM 
KH2PO4, 0.34mM Na2HPO4·2H20, and 0.001% phenol red). To identify the genotype of 
each embryo, tails and brainstems were collected. Under a dissecting microscope, 
cerebral hemispheres were separated, meninges were carefully stripped away and the 
hippocampi were removed. The dissected cortices were collected and maintained in 
Hibernate E (BrainBits) supplemented with 10% NeuroCult® SM1 (SteamCell) at 4°C, 
overnight, while genotyping was performed. Cortices from the same genotype were 
pooled together, washed with HBSS and incubated with Papain Solution (1.5mM Ca
2+
, 
0.5mM Mg
2+
, 1.65mM L-Cysteíne, 20units/ml Papain (Worthington), 1mg/ml 
deoxyribonuclease I (SIGMA) in HBSS in a 37ºC water bath for 15min, swirling the 
centrifuge tubes occasionally. Papain Solution was removed by centrifugation at 169×g 
for 1min (supernatant discarded) and the proteolytic activity was stopped by the 
addition of an equal volume of Inactivation Solution (2.5mg/ml trypsin inhibitor 
(SIGMA), 2.5mg/ml bovine serum albumin in minimal essential medium (MEM) with 
10% horse serum). The inactivation solution was removed by centrifugation at 169×g 
for 1 min, two more washes with HBSS were performed and the cells were 
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mechanically dissociated in Neurobasal medium (GIBCO Invitrogen), supplemented 
with 2% NeuroCult® SM1 (SteamCell), 0.5mM glutamine and 0.125µg/ml gentamicin. 
Cells were plated in 6-well plates coated with poly-D-lysine (0.1mg/mL) at an 
approximate density of 870000 cell/well and kept at 37ºC in a humidified incubator of 
5% CO2/95% air in supplemented Neurobasal Medium. Neurons were fed with 
supplemented Neurobasal Medium, and when needed with 20μg/ml insulin, every 3, 6 
and 10 DIV. 
 
3.4 Rat primary cortical neuron culture 
The rat cortices were dissected as described above for mice cortices. The 
dissected cortices were collected and incubated with 0.06% trypsin (GIBCO Invitrogen) 
in HBSS at 37ºC for 15min. To stop trypsin enzymatic activity cortices were washed 6 
times with HBSS. The tissue was mechanically dissociated in Neurobasal medium 
(GIBCO Invitrogen), supplemented with 2% NeuroCult® SM1 (SteamCell), 25M 
glutamate, 0.5mM glutamine and 0.125µg/ml gentamicin. Cells were plated in 6 well 
plates coated with poly-D-lysine at an approximate density of 870000 cell/well in 
supplemented Neurobasal medium. Cultures were maintained in a humidified incubator 
of 5% CO2/95% air at 37ºC. At 7 DIV neurons were fed with Neurobasal Medium 
supplemented with 2% NeuroCult® SM1 (SteamCell), 0.5mM glutamine and 
0.125µg/ml gentamicin . 
 
3.5 Protein extracts 
Extracts were prepared from 15 DIV rat or mice cortical neurons. Cells were 
washed with ice-cold HEPES-buffered sucrose (HBS) solution (0.32M sucrose, 4mM 
HEPES, pH 7.4) and lysed with 100mL of HBS containing protease and phosphatase 
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inhibitors (0.2mM phenylmethylsulfonyl fluoride [PMSF], 0.1mM Na3VO4, 50mM 
NaF, 1µg/ml chymostatin, 1µg/ml leupeptin, 1µg/ml antipain, 1µg/ml pepstatin 
[CLAP], SIGMA). Cells were collected, homogenized in a glass-teflon homogenizer 
(30 strokes) and stored at -80ºC.  
 
3.6 Subcellular fractionation of cultured neurons 
3.6.1 Procedure I 
The procedure for purification of PSDs was adapted from [Peca et al., 2011] and 
modified according to [Ehlers, 2003] specifications for high density cultured neurons. 
30M cells were collected and homogenized in a motor driven glass teflon homogenizer 
(30 stokes, 900rpm) in HBS (0.32M sucrose, 4mM HEPES, pH 7.4) containing protease 
and phosphatase inhibitors (0.2mM PMSF, 0.1mM Na3VO4, 50mM NaF, 1µg/ml 
CLAP), as described above. The culture homogenate was centrifuged at 900×g for 
15min to obtain the non-nuclear fraction (S1). The resultant supernatant was centrifuged 
at 18000×g for 15min to yield the crude synaptosomal pellet (P2). P2 was resuspended 
in HBS and centrifuged at 18000g for 15min to yield the washed crude synaptosomal 
fraction. This fraction was submitted to hypo-osmotic shock by resuspending the pellet 
in HEPES buffer (4mM HEPES, pH 7.4, plus protease and phosphatase inhibitors) and 
incubated for 1 hour with orbital rotation at 4°C. The lysate was centrifuged at 25000×g 
for 20min and the pellet (lysed synaptosomal membrane fraction) was resuspended in 
HBS (without Na3VO4) and placed on top of a continuous sucrose gradient (0.8M, 1M, 
1.2M). The tube was filled with 0.16M sucrose solution and spun at 150000×g for 2h in 
a swinging bucket rotor (Beckman Optima™ L-100 XP). Synaptic plasma membranes 
(SPM) were recovered between the 1.0M and 1.2M layers, diluted to 0.32M sucrose, 
and centrifuged at 150000×g for 30min. SPMs were resuspended in HEPES/EDTA 
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(HE) buffer (50mM HEPES, 2mM EDTA, pH 7.4) containing protease and phosphatase 
inhibitors and washed with 0.5% Triton X-100 for 15min with orbital rotation at 4°C, 
followed by 20min centrifugation at 32000×g. PSD-1T pellet was resuspended in HE 
buffer. The remaining pellet was resuspended in HE with 0.5% Triton X-100, mixed for 
15min and centrifuged at 200000×g for 20min. PSD-2T pellet was resuspended in HE 
with 0.5% SDS. Homogenate, S1 and P2, SPM, PSD1T and PSD2T fractions were 
collected (50µl) throughout the fractionation procedure and kept at -80ºC. All 
experimental procedures and centrifugations were performed on ice or at 4°C. 
 
3.6.2 Procedure II 
Slight modifications were introduced to Procedure I. Procedure started with 
stored cortical neurons which were previously homogenized (30 strokes) in a glass 
teflon potter. Additionally, the number of neurons was increased to 40M.  
 
3.6.3 Procedure III 
Stored homogenized cortical neurons (30M) were collected and homogenized in 
a motor driven glass teflon homogenizer (12 slow strokes, 900rpm). Homogenate was 
centrifuged at 1000×g for 10 min and the supernatant was transferred onto the top of a 
continuous sucrose gradient (0.85M, 1.2M). After a 2h 150000×g centrifugation step, 
most of gradient top was carefully removed and synaptosomes were collected between 
the 1.2-0.85M interphase. An equal volume of 5mM HEPES, pH 7.4, was added to the 
synaptosomes, and enough volume of HEPES-buffered sucrose solution II (HBSII) 
(0.32M sucrose, 5mM HEPES, pH 7.4) to fill up the tube. Following a 100000×g 
centrifugation step, most of supernatant was removed, and the pelleted SPMs were 
solubilized in the remaining supernatant. SPMs were submitted to an osmotic shock for 
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15min with 5mM HEPES, pH 7.4. Shocked SPMs were placed on top of a continuous 
sucrose gradient (0.85M, 1.2M) and centrifuged at 150000×g for 2h. The top of the 
gradient was carefully removed, synaptic membranes (SM) were recovered between the 
0.85 and 1.2M layers, and after solubilization in 5mM HEPES, pH 7.4, SM were 
centrifuged at 100000×g for 30min. PSDs were resuspended in 5mM HEPES, pH 7.4 
with 0.5% SDS. All solutions used during the procedure contained protease and 
phosphatase inhibitors (0.2mM PMSF, 0.1mM Na3VO4, 50mM NaF, 1µg/ml CLAP). 
All experimental procedures and centrifugations were performed on ice or at 4°C. 
 
3.6.4 Procedure IV - Optimized procedure 
The optimized procedure derived from conjugation of all previous performed 
procedures. PSDs were purified from 15 DIV high-density cortical rat or mouse 
neurons. Stored homogenized cortical neurons (38M) were unfrozen (at 4ºC) and 
homogenized (4-5 strokes). Culture homogenate was centrifuged at 900×g for 15min to 
obtain the S1 fraction. The resultant supernatant was centrifuged at 18000×g for 15min 
to yield the P2 fraction. P2 was resuspended in HBS and centrifuged at 18000×g for 
15min to yield the washed crude synaptosomal fraction. This fraction was submitted to 
hypo-osmotic shock by resuspending the pellet in HEPES buffer (4mM HEPES, pH 7.4, 
plus protease and phosphatase inhibitors) and incubated 1 to 2 hours with orbital 
rotation at 4°C. The lysate was centrifuged at 25000×g for 20min and the pellet (lysed 
synaptosomal membrane fraction) was resuspended in HBS (without Na3VO4), placed 
on top of a discontinuous sucrose gradient (0.8M, 1M, 1.2M) and spun at 150000×g for 
2h in a swinging bucket rotor (Beckman Optima™ L-100 XP). After centrifugation, the 
first step relied on removing the 0.8 and 1M sucrose layers. Only then were SPMs 
recovered, diluted to 0.32M sucrose and centrifuged at 150000×g for 30min. Pelleted 
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SPMs were resuspended in HE buffer (50mM HEPES, 2mM EDTA, pH 7.4) containing 
protease and phosphatase inhibitors and washed with 0.5% Triton X-100 for 15min with 
orbital rotation at 4°C, followed by 20min centrifugation at 200000×g. The remaining 
pellet, corresponding to the PSDs, was resuspended in HE containing 0.5% SDS. 
Homogenate, S1 and P2 fractions were collected (50µl) throughout fractionation and 
kept at -80ºC along with PSD fraction. All experimental procedures and centrifugations 
were performed on ice or at 4°C. 
 
3.7 SDS-PAGE and Immunoblotting 
Fractions collected from the subcellular fractionation procedure were boiled at 
95ºC for 5min and protein concentration was determined by the BioRad method. 
Samples were denatured with 5x concentrated denaturating buffer (125mM Tris, pH 
6.8, 100mM glycine, 10% SDS, 200mM Dithiothreitol (DTT), 40% glycerol, 3mM 
Na3VO
4
, and 0.01% bromophenol blue) and resolved by SDS-PAGE in 8-10% 
polyacrylamide gels. This was followed by overnight electrotransfer to polyvinylidene 
fluoride (PVDF) membranes (Millipore), at 40V. Membranes were blocked in Tris-
buffered saline (137mM NaCl, 20mM Tris-HCl, pH 7.6) containing 0.1% Tween 20 
(TBS-T) and 5% low-fat milk for 1h at room temperature, and incubated with primary 
antibodies (see Antibodies) diluted in TBS-T containing 0.5% low-fat milk. Following 
five washes (5min each) in TBS-T 0.5 % milk, the membranes were incubated 1h with 
the respective alkaline phosphatase-conjugated secondary antibodies. Membranes were 
washed five times (5min each), incubated 5min or less with chemifluorescence substrate 
(GE Healthcare) and scanned with BioRad 3000 Versadoc Gel Imaging System. 
Immunoblot bands were quantified using the software ImageJ 1.36b (NIH, USA). When 
needed membranes were washed overnight with TBS-T and washed twice with water. 
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Following the stripping in fresh 0.2M NaOH for 15min, membranes were washed twice 
in water, blocked in TBS-T plus 5% low-fat milk and reprobed with other primary 
antibodies. 
 
3.8 Antibodies 
The anti-PSD95 antibody (1:2000) was purchased from Cell Signaling 
(Massachusetts, USA) and the anti-Synaptophysin antibody (1:10000) was from 
Synaptic Systems (Goettingen, Germany). The anti-GluN1 (1:500), anti-GluN2A 
(1:1000) and anti-GluA1 (1:1000) antibodies were purchased from Millipore (Madrid, 
Spain). The anti-SynGAP (1:1000) antibody was from Affinity Bioreagents (Colorado, 
USA), the anti-Transferrin Receptor (1:500) antibody was from Invitrogen (California, 
USA), the anti-Caspr1 (1:1000) antibody was from Abcam (Cambridge, UK) and the 
anti-β-actin (1:5000) antibody was purchased from Roche Molecular Biochemicals 
(Indianapolis, USA). The alkaline phosphatase-conjugated secondary antibodies anti-
mouse (1:20000) and anti-rabbit (1:20000) were from GE Healthcare 
(Buckinghamshire, UK).  
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4.1 Embryos genotyping 
Embryos obtained from GluN2B
 
(+/-) mice mating were genotyped using PCR. 
Reaction I included the oligonucleotide primers designed to amplify both the wild-type 
GluN2B gene and the GluN2B gene interrupted by a Neomycin cassette (Fig. 8).  
 
 
 
Figure 8 – Two separate PCR were used to determine each animal genotype. 
(A) Reaction I aimed to amplify both GluN2B (422bp) and Neomycin (793bp) 
genes. The GluN2B gene is amplified from heterozygous [GluN2B (+/-)] and 
wild-type [(GluN2B (+/+)] embryos DNA samples, whereas the Neomycin gene is 
amplified from knock-out [GluN2B (-/-)] embryos. (B) Reaction II aimed to 
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amplify the disrupted gene. Only GluN2B (+/-) and GluN2B (-/-) embryos DNA 
samples originated the 793bp product. 
Amplification of the disrupted gene is not very efficient, resulting in low 
intensity product bands (Fig. 8A, GluN2B (+/-) lane) when ran and visualized in 
agarose gels. Thus, it is difficult to distinguish between GluN2B (+/-) and wild-type 
littermates. To overcome this limitation, a second PCR (reaction II) was performed 
using oligonucleotide primers necessary to amplify the Neomycin cassette (Fig. 8B). 
From these two genotypes, only DNA samples from GluN2B (+/-) embryos amplify the 
793bp product, which facilitated the distinction between GluN2B (+/-) and wild-type 
embryos. 
 
4.2 Why a mouse cortical neuron model? 
The aim of this study was to evaluate the PSD proteome of neurons lacking the 
GluN2B subunit. Most procedures used to purify PSDs require a significant amount of 
starting material. In fact, the first steps in PSDs purification were made from dog brain 
tissue [Carlin et al., 1980]. Currently, PSDs can be isolated from adult mouse 
hippocampus or cortex [Villasana et al., 2006], so why the use of cultured neurons? 
Mice lacking GluN2B subunits die soon after birth [Kutsuwada et al., 1996] and the use 
of embryos brain is not appropriate since synapses are not mature at this age [Harris et 
al., 1992; Yuste and Bonhoeffer, 2004]. Nevertheless, neurons from mutant embryos 
can be maintained in culture, and cultured neurons establish synapses which are mature 
after 15-20 days in vitro. Cultured neurons have been extensively used to study many 
aspects of synapse formation, maturation and plasticity. The synaptic plasticity 
paradigms of LTP and LTD are mostly studied in the hippocampus but have also been 
studied also in the cortex [Malenka and Bear, 2004]. In the case of the present study, the 
use of hippocampal neurons was unfeasible mainly because the hippocampus is a small 
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structure, and a large number of animals would be required to obtain the number of 
cultured hippocampal cells necessary to perform the PSD purification procedure. 
Despite the use of cortical neurons, a significant number of cell cultures were still 
needed to perform the purification. To support this notion, a pregnant heterozygous 
female mated to an heterozygous male gives birth to an average of 6 pups, 1-2 of which 
are KO. From each mutant embryo after cortex dissection and dissociation it is possible 
to plate ~5M cells. This means that for each PSD purification procedure starting with 
40M cells, 8 pregnant females were used, on average. Cultured cortical neurons were 
used with 15 DIV because at this age synapses have matured and dendritic spines have 
already acquired most of their elements [Rao et al., 1998]. In order to isolate PSDs from 
cultured neurons, several adaptations of standard procedures have been made to start 
from such discrete amount of material. 
 
4.3 Liquid homogenization is the key 
In order to optimize a protocol for the isolation of PSDs from cultured neurons, 
we started by using cultured rat cortical neurons. Procedure I was designed based on 
two previously described protocols [Ehlers, 2003; Peca et al., 2011]. Immunoblot of 
collected fractions suggested that most protein was lost between the synaptosomal (P2) 
and the synaptic plasma membrane (SPM) fractions (Fig. 9). We relied on the labeling 
for PSD95 and β-actin to analyse the isolated PSDs. PSD95 is a protein abundant in the 
PSDs, therefore it may be used as a PSD marker. β-actin is ubiquitously expressed in 
neurons, and has a different molecular weight from than other proteins of interest, 
therefore it was used as a protein loading control. Levels of PSD95 and β-actin in SPM 
and PSD fractions were below the level of detection. Furthermore, the centrifugation 
after the wash with Triton-X100 did not yield any pellet. These evidences suggested 
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that a substantial amount of protein was lost during the sucrose gradient. In this 
protocol, 30M cultured cortical neurons were used, which correspond to ~3mg of 
protein. Standard protocols for PSD isolation from brain tissue start at least with 
~200mg of tissue, corresponding to ~20 mg of protein (protein content in rat brain areas 
varies between 10 and 13% of fresh tissue weight [Banay-Schwartz et al., 1992]). 
Therefore, the amount of protein used for this protocol was unsufficient. Taken 
together, these data revealed the need to increase the starting amount of protein. 
 
Figure 9 – Unsufficient protein in subcellular fractions isolated using 
Procedure I. PSD95 expression in homogenate (Hom), non-.nuclear fraction (S1), 
crude synaptosomes (P2), synaptic plasma membranes (SPM), postsynaptic 
densities after Triton-X100 extraction [PSD(Triton)] and postsynaptic densities 
after SDS extraction [PSD(SDS)] isolated using Procedure I. The amount of 
protein applied to each lane is indicated. Total fraction, protein quantification was 
below level of detection and therefore all collected fraction was applied. 
 
In Procedure I we used protein extracts that were stored at -80ºC with no further 
homogenization before the PSD isolation protocol. Since we start with low amounts of 
protein we hypothesized that homogenization of extracts before storage would provide 
more available material for PSDs purification. Several methods are commonly used to 
disrupt cells including liquid homogenization and freeze/thaw cycles. In the liquid 
homogenization protocol, cell suspensions are sheared by forcing them through a 
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narrow space whereas cycles of freezing and thawing disrupt cells through ice crystal 
formation. In extracts stored without homogenization, cells were only submitted to one 
freeze/thaw cycle and could not be completely lysed. Whole cells are likely to be 
pelleted and discarded in the very first centrifugation step of PSDs purification 
procedures. The use of two methods to physically disrupt cells, liquid homogenization 
and one cycle of freeze/thaw cycle, allows a more effective membrane disruption of 
cells and therefore prevents sedimentation on the first centrifugation step. Membrane 
disruption also permit that more protein is available for detection by quantification 
methods. In fact, extracts that were homogenized before storage exhibited an increase of 
10% in protein content relatively to those that were not homogenized prior to storage 
(Fig. 10). Subsequent procedures were performed using stored homogenized cortical 
neurons. 
 
Figure 10 – Extracts homogenized before storage have more protein available 
for detection. Control extracts were not homogenized before storage at -80ºC. 
Protein concentrations are relative to Control (unhomogenized extracts). 
 
4.4 Presynaptic contamination must be overcome 
Procedure II was extremely similar to procedure I, except that the starting 
material was increased 25% (40M cells) and stored (-80ºC)homogenized cortical 
neurons were used. Protein quantification showed that the procedure started with 5mg 
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of protein and immunoblot analysis indicated the presence of protein, including PSD95, 
in all collected fractions (Fig. 11A). Although an enrichment of PSD95 was observed in 
the PSD Triton-soluble fraction (2.43-fold to homogenate, Fig. 11B), the presynaptic 
synaptic vesicle protein synaptophysin was also present in this fraction (2.10-fold to 
homogenate, Fig. 11B), revealing contamination with presynaptic structures.  
 
Figure 11 – Presynaptic contamination in PSDs isolated using Procedure II. (A) 
Western blot of homogenate (Hom), non-nuclear fraction (S1), crude synaptosomes 
(P2), synaptic plasma membranes (SPM), postsynaptic densities after Triton-X100 
extraction [PSD(Triton)] and postsynaptic densities after SDS extraction [PSD(SDS)] 
isolated using Procedure II. The amount of protein applied to each lane is indicated. 
(B) Graph depicts PSD95 and Synaptophysin immunoreactivity. Measurements were 
normalized to the amount of protein applied, per µg, and are relative to homogenate. 
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The SDS-soluble PSD fraction did not show an enrichment in PSD95 (0.94-fold 
to homogenate, Fig. 11B) and was contaminated with synaptophysin (1.13-fold to 
homogenate, Fig. 11B). Taken together, these evidences suggested that Procedure II 
failed to dissociate the pre- and postsynaptic structures.  
 
4.5 Too pure, too bad 
In the following attempt to isolate PSDs from cultured rat cortical neurons and 
taking into consideration the need to obtain a more pure fraction, two sucrose gradients 
were used (Procedure III), as described [Klemmer et al., 2011]. However, this approach 
decreased substantially the isolation yield, since synaptic proteins were not detected in 
the isolated PSD fraction (Fig. 12). This loss of protein using this procedure is in 
agreement with the general idea that when sucrose gradients are used a significant 
amount of material is lost [Villasana et al., 2006]. 
 
Figure 12 – Procedure III was not successful in isolating PSDs. Synaptic 
profile of homogenate (Hom), non-nuclear fraction (S1), crude synaptosomes (P2), 
synaptic plasma membranes (SPM), synaptic membranes (SM) and postsynaptic 
densities (PSD) using Procedure III. The amount of protein applied to each lane is 
indicated. Total fraction, protein quantification was below level of detection and 
therefore all collected fraction was applied.  
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4.6 The optimized protocol 
Scrutiny of three performed procedures revealed that Procedure II was the best 
approach to isolate PSDs. However, Procedure II was not efficient in separating the 
presynaptic and postsynaptic components. Therefore, in Procedure IV a discontinuous 
sucrose gradient was used, which allowed a better separation of the SPM fraction within 
the gradient. Additionally, we decided to start from 38M cells and to solubilized the 
whole PSD pellet in 0.5% SDS, after washing it once in 0.5% Triton X-100. 
Biochemical characterization of fractions isolated using Procedure IV showed that both 
synaptosomes and PSDs were enriched in PSD95 (Fig. 13,15; 2.52±0.56 and 2.95±0.08-
fold to homogenate, respectively for synaptosomes – P2 and PSDs).  
 
Figure 13 – PSDs were successfully isolated using Procedure IV. Synaptic 
profile of homogenate (Hom), non-nuclear fraction (S1), crude synaptosomes (P2), 
and postsynaptic densities (PSD) isolated using Procedure IV. Equal amounts of 
protein (13µg) were applied to each lane. 
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Synaptophysin, as a presynaptic marker, should be enriched in synaptosomes 
and reduced in the PSD fraction. Western blot analyses indeed showed that 
synaptophysin was enriched in synaptosomes and not in PSDs (Fig. 13,15; 5.22±0.80 
and 1.13±0.59-fold to homogenate, respectively for the P2 and PSD fractions). The 
PSD95/Synaptophysin ratio may be used to assess the purity of isolated PSDs. The 
isolated PSDs showed a high score in this ratio (3.55±1.77-fold to homogenate, Fig. 14) 
suggesting that the isolated PSDs were devoid of presynaptic contamination and 
therefore pure.  
 
Figure 14 – PSDs isolated using Procedure IV showed to be pure, i.e. enriched 
in the postsynaptic marker PSD95 and deprived of the presynaptic marker 
synaptophysin. Purity of homogenate (Hom), non-nuclear fraction (S1), crude 
synaptosomes (P2), and postsynaptic densities (PSD) isolated using Procedure V. 
Purity was determined by the PSD95/Synaptophysin immunoreactivity ratio. Data 
(mean ± SEM, n=2) are relative to homogenate. 
 
We relied on the specific localization of other proteins to further characterize the 
isolated PSDs. Glutamate receptors are abundant constituents of the PSDs. Both 
NMDAR subunits GluN1 (7.27±1.04-fold to homogenate, Fig. 13,15) and GluN2A 
(Fig. 13) were enriched in the isolated PSDs, as well as the AMPAR subunit GluA1 
(Fig. 13), whereas the transferrin receptor, thought to be uniformly distributed through 
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the plasma membrane, showed no enrichment in the PSDs (1.24±0.09-fold to 
homogenate, Fig.13,15). 
 
Figure 15 – PSD proteins were enriched in PSDs isolated using Procedure IV. 
Histogram shows PSD95, Synaptophysin, SynGAP, GluN1 and Transferrin 
Receptor immunoreactivity in homogenate (Hom), non-nuclear fraction (S1), 
crude synaptosomes (P2), and postsynaptic densities (PSD) fractions isolated 
using Procedure IV. Data (mean ± SEM, n=2) are relative to homogenate. 
 
4.7 Caspr1 localizes to PSDs  
Our laboratory is currently interested in many aspects of glutamatergic synapses. 
We identified Contactin associated protein 1 (Caspr1) as an AMPA receptor binding 
partner [Santos et al., 2011] , and immunolabeling of cultured hippocampal neurons 
(15DIV) suggested that a significant fraction of Caspr1 localizes to dendrites and 
synapses (Fig. 16). A crucial aspect of this project is to determine whether Caspr1 is a 
component of the PSDs. Using the protocol optimized in the present study, we 
confirmed biochemically that Caspr1 is present at the PSD of cultured cortical neurons 
(Fig. 17A), and surprisingly enriched in this subcellular fraction (4.12±1.03-fold to 
homogenate, Fig. 17B). 
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Figure 16 - Caspr1 localizes to synapses in hippocampal neurons and to 
cortical PSD fractions. (A-C) Caspr1 is present in excitatory synapses. Caspr1 
(red) is expressed in dendrites in hippocampal neurons (15 DIV), and is 
significantly colocalized with PSD95 (green) and with VGluT1 (blue) (A; Scale 
bar: 10 μm, insert: 2 μm). Graphs depict the fraction of Caspr1 fluorescence 
intensity that overlaps with a postsynaptic marker (PSD95, white bar) or with a 
presynaptic marker (VGluT1, black bar) (B), and the fraction of synapses that 
contain Caspr1 (C). Sandra Santos is the author of panels A-C and respective 
legend [Santos et al., 2011].   
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Figure 17 – Caspr1 is present in the PSDs isolated from cultured cortical 
neurons. (A) Western blot analysis for Caspr1 in the total homogenate (Hom), 
non-nuclear fraction (S1), crude synaptosomes (P2), and postsynaptic densities 
(PSD) isolated using Procedure V. (B) Graph depicts Caspr immunoreactivity. 
Data (mean ± SEM, n=2) are relative to homogenate.  
 
4.8 GluN2B-null PSDs show reduced protein content 
Given that we could successfully purify PSDs from cultured rat cortical neurons 
(Fig. 13), we extended this protocol (Fig. 18) to isolate PSDs not only from wild-type 
neurons but also from neurons derived from GluN2B (-/-) mice. A total of 3  
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Figure 18 – Schematic representation of the method developed for isolating 
PSDs from neuron cultures. The method is performed by sequential low speed 
centrifugations, a hypo-osmotic shock and high speed centrifugations, one of 
which including a sucrose gradient. Colored images to the right represent the 
cellular fractions isolated in each step. 
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independent preparations, at least 10µg each, are required for the mass spectrometry 
analysis of the proteome content of PSDs isolated from wild-type and GluN2B (-/-) 
neurons, which required isolating this fraction from ~40 independent mouse primary 
cortical neuron cultures. Quantitative analysis of isolated PSDs by the BioRad method 
indicated that ablation of GluN2B, which is thought to constitute only 0.1% of PSD 
mass [Sheng and Hoogenraad, 2007], led to dramatic reductions [48.00±11.93% of 
GluN2B(+/+), Fig. 19] in the total protein content of PSDs. 
 
Figure 19 – The yield of purification of GluN2B-null PSDs is lower than for 
wild-type PSDs. Isolated PSDs from GluN2 (+/+) and GluN2B (-/-) neurons were 
submitted to protein quantification by the BioRad method. n=3 for GluN2 (+/+) 
PSDs and n=5 for GluN2B (-/-) PSDs. ”*” denotes statistical significance (p 
<0.05, using two-tailed Student’s t tests, compared with GluN2B (+/+) PSDs).  
 
Since most PSD purification experiments were done in parallel, meaning that 
each time wild-type and GluN2B (-/-) neurons were used in the isolation procedure, we 
exclude that this difference arises from technical issues. It is reasonable to suspect that 
this reduction is due to the lack of GluN2B interactors in the isolated GluN2B-null 
PSDs.  
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Based on the quantitative analyses of the PSD proteome that have been 
performed before, we calculated the relative mass of the known GluN2B interactors in 
the PSD. This calculation of the relative abundance of GluN2B interactors, is an 
approximation, and it was based on the results of the relative and absolute quantification 
of PSD proteome of the rat forebrain performed by Cheng and colleagues [Cheng et al., 
2006]. The mass of CaMKIIα, CaMKIIβ, PSD95, SAP102, SynGAP, GluN1, and 
PSD93 was calculated using mass (g) = quantity (in mol, provided by Chen’s study) x 
the respective molecular weight of the protein. According to this estimation, GluN2B 
interactors only account for 11.5% of the PSDs mass (Fig. 20), which is not enough to 
explain the reduction of 50% in the mass of GluN2B-null PSDs.  
 
 
Figure 20 – GluN2B characterized interactors in the PSD and their 
abundance (% of total PSD proteins). The mass of PSD proteins was calculated 
using mass (g) = quantity (mol) x protein molecular weight. Quantity (mol) of 
proteins was obtained from mass spectrometry data [Cheng et al., 2006]. The 
content in proteins of the actin-cytoskeleton, containing actin and actin-binding 
proteins, was calculated based on [Sheng and Hoogenraad, 2007]. 
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However, the reduction on the abundance of GluN2B interactors in GluN2B-null 
PSDs, is likely to have consequences on the abundance of other proteins. For example, 
regarding that PSD95 family of protein and CaMKII have an essential role in the PSD 
structure and are directly bound to the GluN2B subunit, if they were reduced in the PSD 
it is to be expected that their binding partners other than GluN2B are also reduced. 
However, these assumptions disregard the fact that proteins like PSD95 and CaMKII 
bind other partners at the PSD besides GluN2B, and are therefore unlikely to be totally 
absent in the GluN2B (-/-) PSDs. 
Addressing biochemical changes in GluN2B-null synapses, Akashi and 
colleagues [Akashi et al., 2009] found that F-actin was significantly decreased in 
synaptosomes. It is thought that actin and actin-binding proteins (ABPs) constitute 12% 
of PSD mass (Fig.20) [Sheng and Hoogenraad, 2007]. Although the lack of actin and 
ABPs, together with all GluN2B interactors, in GluN2B-null PSDs is a robust 
hypothesis, is still not enough to justify the observed reduction of 50% in protein 
content. 
F-actin is most concentrated in dendritic spines [Capani et al., 2001] and has an 
important role in dendritic spine structure [Cingolani and Goda, 2008]. Decrease of 
actin in GluN2B-null PSDs could eventually result in structural changes of dendritic 
spines. Kim and colleagues [Kim et al., 2005] found that the protrusion density (number 
of protrusions of greater than 1µm length per 10µm of dendrite) was reduced by 70% in 
cultured hippocampal neurons after silencing GluN2B expression by RNA interference. 
Similar reductions were also observed in the apical spine density in CA3 [Akashi et al., 
2009] and CA1 [Brigman et al., 2010] hippocampal GluN2B-null neurons. Collectively, 
these findings point to the possibility that a reduction of 50% in protein content of 
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isolated GluN2B-null PSDs is observed because we are isolating PSDs from a smaller 
number of synapses in the GluN2B (-/-) neurons.  
At this point, three replicas of the isolated PSD samples from wild-type and 
GluN2B (-/-) cortical neurons are being analysed by quantitative mass spectrometry. 
The method that we chose consists of an isobaric peptide tag for relative and absolute 
quantification (iTRAQ)-based labeling technique, in conjunction with tandem liquid 
chromatography-MS/MS for protein characterization and quantification. The iTRAQ 
method is based on the differential covalent labeling of digested peptides with one to 
eight specific iTRAQ reagents. These are composed by a peptide reactive group that 
label the primary amines of peptides, a reporter group, each of which has a different 
mass (114, 115, 116, 117, 118, 119 and 121 Da)., and a balance group [Aggarwal et al., 
2005]. The iTRAQ reagents are indistinguishable by mass, due to the balanced group, 
but are differentiated when analysed in the mass spectrometry by the release of the 
reporter ion. The peak areas of the resultant reporter ions can be used to calculate the 
relative abundance of a given peptide and the peptide fragments can be used for protein 
identification. The potential to detect new binding partners for glutamate receptors or 
changes in their levels by the iTRAQ-based labeling technique has already been shown. 
Immunopurified samples from wild-type and GluA knock-out mice were tagged with 
iTRAQ reagents 114 and 117, respectively, and pooled together, separated by nano-
liquid chromatography and quantified by mass spectrometry [von Engelhardt et al., 
2010]. The iTRAQ ratios (114/117) were used to determine differences between the two 
conditions. AMPARs were absent in the GluA knock-out samples, therefore peptide 
corresponding to the GluA1 as well as the GluA2 subunit were identified with high 
iTRAQ ratios (114/117). Proteins that were present equally in the two samples of wild-
type and knock-out mice scored values close to 1. A hypothetical protein (LOC72555) 
53 
  
showed up with a high iTRAQ ratio suggesting the protein of unknown function (later 
named CKAMP44) to be associated with AMPARs. 
We expect to detect quantitative changes in the components of the PSDs isolated 
from GluN2B (-/-) cortical neurons, which will provide clues about the role of the 
GluN2B subunit in building the synaptic scaffold for functional and plastic excitatory 
synapses. 
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GENERAL CONCLUSIONS 
Most glutamatergic synaptic transmission occurs at dendritic spines. The PSD is 
located at the head of spines and is considered the first processing point for synaptic 
signals impinging on spines. The study of the PSD becomes a valuable approach to 
scrutinize the molecular determinants that rule the glutamatergic synaptic transmission. 
The present work developed a procedure for the purification of PSDs from cultured 
cortical neurons. In the interest of reducing the amount of starting material needed to 
isolate PSDs, we have made some modifications to standard procedures. After several 
attempts we managed to establish a protocol to efficiently purify PSDs from cultured 
cortical neurons (Fig. 18). Our method is simple and performed by sequential low speed 
centrifugations, a hypo-osmotic shock and three high speed centrifugations, one of 
which including a sucrose gradient. We used about 38M cells to isolate PSDs and 
obtained a final yield ranging between 10 and 20µg of PSD protein. This amount of 
protein is enough to be analysed in a variety of biochemical assays, including western 
blots analysis and mass spectrometry. Western blot protein profile of our preparations 
was performed to validate the purified fractions and to determine the efficiency of the 
purification procedure. Antibodies against proteins found predominantly either 
postsynaptically (e. g. PDS95), or presynaptically (e. g. Synaptophysin) were chosen. 
According to our western blot data, our protocol is successful for isolating PSDs, as 
indicated by the enrichment of PSD proteins and by the low amounts of synaptophysin 
or transferrin receptor. To our knowledge there is no published study reporting a 
procedure for isolating PSDs from cultured neurons with the respective full biochemical 
characterization. In conclusion, our procedure appears to be efficient and reliable for the 
isolation of PSDs from a very small amount of material. Our protocol may also have 
broadened the set of experiments that can be used to study molecular changes at the 
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PSD. For example, it can be used to study the PSDs of cultured neurons that were 
manipulated pharmacologically or submitted to RNA interference to selectively down 
regulate specific proteins of interest. 
The decreased levels of synaptic NMDARs in the absence of GluN2B, suggested 
that the GluN2B subunit has a role in the organization of a synaptic scaffold required 
for synaptic delivery and/or stabilization of NMDA receptors. In order to determine the 
composition of this scaffold complexes, in the second part of this work we proposed to 
evaluate biochemically the PSDs from cultured cortical neurons of wild-type and 
GluN2B (-/-) mice. Isolated PSDs of cultured neurons from these two genotypes were 
submitted to protein quantification by the BioRad method. We found that PSDs from 
GluN2B (-/-) cultured cortical neurons exhibit a reduction of approximately 50% in 
protein content, when compared to PSDs from wild-type cultured cortical neurons This 
finding is consistent with other studies that pinpoint the GluN2B subunit as an 
indispensable element for the formation or maintenance of postsynaptic macromolecular 
complex and dendritic spines. The precise nature of this role is not fully clear, but it is 
conceivable to assume that specific interactions between GluN2B and other PSD 
proteins may be important. Tandem mass spectrometry performed in collaboration with 
Dr. Ka Wan Li group will possibly bring insight regarding the GluN2B role at the 
synapse.  
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